We present an optical spectroscopy study of Cu 2 ZnSnSe 4 (CZTSe) thin films deposited on Mo/glass substrates. The [Cu]/[Zn+Sn] ratio in these films varies from nearly stoichiometric to strongly Cu deficient and Zn rich. Increasing Cu deficiency and Zn excess widens the bandgap E g , determined using photoluminescence excitation (PLE) at 4.2 K, from 0.99 eV to 1.03 eV and blue shifts the dominant band in the photoluminescence (PL) spectra from 0.83 eV to 0.95 eV. The PL spectra of the near stoichiometric film reveal two bands: a dominant band centred at 0.83 eV and a lower intensity one at 0.93 eV. The temperature and excitation intensity dependence of the PL spectra help to identify the recombination mechanisms of the observed emission bands as free-to-bound: recombination of free electrons with holes localised at acceptors affected by randomly distributed potential fluctuations. Both the mean 2 depth of such fluctuations, determined by analysing the shape of the dominant bands, and the broadening energy, estimated from the PLE spectra, become smaller with increasing Cu deficiency and Zn excess which also widens E g due to an improved ordering of the Cu/Zn atoms. These changes in the elemental composition induce a significant blue shift of the PL bands exceeding the E g widening. This is attributed to a change of the dominant acceptor for a shallow one, and is beneficial for the solar cell performance. Film regions with a higher degree of Cu/Zn ordering are present in the near stoichiometric film generating the second PL band at 0.93 eV.
Introduction
Cu 2 ZnSnSe 4 (CZTSe) is a semiconductor compound used in thin-film solar cells as the 2 absorber layer [1] . The structural and electronic properties of this material are similar to those 3 of Cu(InGa)Se 2 (CIGS), successfully used in one of the leading thin film solar cell 4 technologies [2, 3] , while CZTSe holds the additional advantages of having elements which 5 have low costs, low toxicity and are abundant in the earth's crust. These factors provide a 6 firm foundation for the CZTSe-based photovoltaic (PV) solar cells, which currently show 7 record conversion efficiencies in excess of 11% [4] for the pure selenide version of the 8 material. The p-type doping of CZTSe is assumed to be governed by its intrinsic defects 9 [2, 5] . Therefore understanding of the electronic properties in general and defect chemistry in 10 particular is vital for the development of CZTSe-based solar cells. However, currently the 11 knowledge of such properties mostly comes from theoretical studies based on density 12 functional theory [5, 6] . To become a reliable support for technology developers these 13 theoretical findings should be verified by experimental evidence [2] . 14 The main drawback of CZTSe-based solar cells is thought to be the small value of the 15 open circuit voltage (V OC ) [2, 7] . Its deficit for CZTSe PV measured as E g /q -V OC , where E g 16 is the bandgap and q the elementary charge, is significantly greater than that in good CIGS-17 based devices [8] . The origin of this deficit is attributed to bulk defects in the CZTSe 18 absorber as well as to peculiarities of its lattice structure [1] which can have a degree of 19 Cu/Zn randomisation on the cation sub-lattice [9] . This randomisation can significantly 20 reduce the effective bandgap, but its degree can be controlled by low temperature post-21 growth annealing [10, 11] and the elemental composition [12] . It is important to find the 22 particular technological parameters which can control the randomisation. 23 One of the most sensitive spectroscopic techniques to study the electronic properties of 24 semiconductors in general and in particular defects with energy levels in the bandgap is 25 photoluminescence (PL) [13] . The PL spectra of CZTSe films with small copper excess 1 reveal rather narrow peaks assigned to donor-acceptor pair (DAP) recombination mechanisms 2 and excitonic features [14] . However in films with Cu deficiency and Zn excess (at elemental 3 compositions used in high performance solar cells) low temperature PL spectra reveal a 4 single dominant band at spectral energies lower than those of DAP. Such bands are assigned 5 to band tail related recombination mechanisms [15] [16] [17] [18] . The band tails are considered to play 6 an important role in the recombination processes of solar cell grade CZTSe thin films [3, 16, 7 19, 20].
8
According to Gokmen et al. [19] the band-tails are induced by antisite defects Zn Cu +Cu Zn 
9
and are mainly responsible for the V OC deficit. However reported estimates of the mean depth 10 of potential fluctuations in thin films of Cu 2 ZnSn(SSe) 4 do not show much changes with 11 varying elemental composition [20] and solar cell performances [18] suggesting that the 12 nature of defects and their influence on solar cell performance require further investigation.
13
The bandgap value E g is essential for the development of solar cells as well as for correct 14 interpretation of PL spectra. One of the few techniques providing E g for non-transparent films 15 is photoluminescence excitation (PLE) spectroscopy. This technique can be used to determine 16 E g in films deposited on Mo-coated glass and does not require a p-n junction [18, 19] . 17 An understanding of the electronic and optical properties is important for the science- In our paper we present a detailed optical spectroscopy study of thin films of CZTSe, 24 deposited on Mo/glass substrates, with different copper and zinc contents. We identify 
Experimental details

5
Metallic precursors, simultaneously deposited on Mo-coated soda-lime glass substrates by 6 magnetron sputtering of high-purity copper (Cu) , zinc (Zn) and tin (Sn) at room temperature, 7 were selenised in selenium vapour/nitrogen atmosphere using a two-stage thermal annealing 
10
The PL measurements were carried out using a 1 m focal length single grating 11 monochromator and the 514 nm line of a 300 mW Ar + laser. A closed-cycle helium cryostat 12 was employed to measure temperature dependence of the PL spectra from 6 K to 300 K. An
13
InGaAs photomultiplier tube was used to detect the PL signal in the spectral region from 0.9 14 µm to 1.7 µm.
15
The PLE measurements were carried out using a 0.6 m focal length single grating experimental details can be found in ref. [14, 15, 18] .
22
The elemental composition of three films grown using the same technological process 23 from metallic precursors was examined using a combination of energy dispersive x-ray The PL spectra of the three films, measured at 6 K and an excitation power density of 0.33 11 W/cm 2 , are shown in Fig.1 , with intensities normalised with respect to the dominant bands.
12
These spectra are dominated by broad bands with maxima at 0.83 eV (film 1), 0.90 eV (film is much lower (by a factor of 400) than those in film 2 and 3 whose maximum intensities are 18 close.
19
The film 1 PL spectrum also reveals a low intensity band at 0.93 eV. Its maximum 20 intensity is about one order of magnitude smaller than that of the dominant band whereas the 21 FWHM of 85 meV is slightly smaller than that of the dominant band. Oscillations associated
22
with water vapour absorption can be seen in the spectra at 0.9 eV.
23
Our PL measurements of CZTSe thin films deposited on bare glass substrates 1 simultaneously with those on Mo/glass in the present study demonstrate a broad dominant 2 band very similar to those in [18, 21] .
3
The excitation intensity dependence of the PL spectra for the three films is shown in Fig.2 .
4
Assuming the integrated intensity I(P) under the dominant band to be dependent on the Table 2 . Radiative recombination of charge carriers localised at defects with energy 8 levels below the bandgap is assigned for k values smaller than unity. At k greater than unity 9 the recombination does not involve localisation at defects [24, 25] . In the chalcopyrites and 10 kesterites k greater than unity can be expected for the band-to-band (BB) mechanism: with recombination involving defect levels within the bandgap.
20
The dominant bands in all three films as well as the band at 0.93 eV for film 1 show 21 significant shifts to higher energies with increasing laser power, whereas their shape in and then falls to 12 meV per decade for films 3. 
where hv is the photon energy,  0 vertical scale parameter and E a broadening energy [29]. Table 2 . Such a considerable increase of the bandgap by 40 meV from film 1 to 10 film 3 is followed by a significant decrease of the broadening energy from 29 meV to 20 11 meV. be described as follows: band-tail recombination: The temperature dependence of W 1 in the 3 films is shown in Fig.6(a) . It can be seen that The temperature dependence of the spectral energy of the PL intensity maxima E max (T) for 12 the observed bands is presented in Fig.6(b) . It can be seen that with rising temperature all the 13 bands shift to lower energy. The greatest shifts reveal bands in the spectra of films 2 and 3.
14
The film 1 bands both demonstrate red shifts confirming that they both are associated with 15 band tails, however their shifts are significantly smaller than those of films 2 and 3. resulting in a red shift of the bands which can be seen in Fig. 3 and Fig. 6(b 
25
Where N v is the valence band effective density of states, n is the concentrations of free 1 electrons, p is the concentrations of free holes, θ is the ratio of electron to hole probabilities 2 to be captured at the localised state. At low temperatures and low excitation intensities Arrhenius analysis of the temperature quenching of the dominant bands and the band at 8 0.93 eV in the PL spectra of film 1 was carried out using their integrated intensities. 14 15 where I is the integrated intensity of the analysed band at 6 K, the lowest temperature 16 considered temperature, A 1 and A 2 are process rate parameters and E a is activation energy.
I(T)=I /
[1+A 1 T 3/2 +A 2 T 3/2 exp(-E a /k B T)],(6)
17
Similar activation energies of 90 meV were determined for the dominant band and the one 18 at 0.93 eV in the PL spectra of film 1.
19
For the dominant bands in the PL spectra of film 2 and 3 activation energies of 98 meV 20 and 63 meV were found. These activation energies along with their error corridors are shown 21 in Table 2 .
22
All the determined activation energies are greater than γ indicating that all the three 
11
Let us try to analyse these changes and correlate them with the optical spectroscopy 12 parameters presented in the previous chapter. 
15
The increase in E g should induce a blue shift in the PL band, which is indeed observed in Table 1 have been measured [21] at room temperature whereas our 23 optical measurements were carried out at 6 K.
16
The nature of a blue shift of the dominant PL band depends on the recombination type. In the tail can be induced by defects which might not include the dominant acceptors.
5
Subtracting the 40 meV change in the bandgap we obtain a 80 meV blue shift of the band 6 with respect to the bandgap indicating a change of the dominant acceptor for a shallower one.
7
The activation energies, shown in Table 2 , reflect ionisation energies of the dominant 8 acceptors responsible for the FB transition assigned to the dominant bands. For film 1 the 9 activation energy is E a = 90 meV. We can speculate that it is consistent with the acceptor
10
Cu Zn which according to [19] induces the band tails. At near-stoichiometric contents of 11 copper and zinc this is supported by theoretical studies [5] . The same dominant acceptor with 12 E a = 90 meV can probably be assigned to the 0.93 eV band in the PL spectra of film 1. The nature of the acceptor. We can speculate that it is the earlier proposed antisite defect Zn Sn
17
[18] which does not induce band tails [19] . At zinc excess and tin deficient conditions its presence is supported by theory [5] .
19
This suggestion is also supported by the evolution of the mean energy depth of potential 20 fluctuation (shown in Table 2 ) which decreases from 39 meV in film 1 to 24 meV in film 3.
21
A similar reduction from film 1 to film 3 in the broadening energy E used to determine E g 22 from the PLE spectra is an additional confirmation of improvements in the electronic 23 properties of the material.
24
The determined values of  are close to those estimated earlier [18, 21, 43] [3, 19] . With increasing deviation from stoichiometry corresponds more closely to that of film 3. Fig.6 shows that the red shift of both bands in the
21
PL spectra of film 1 with increasing temperature is smaller than those of other films. Formula
22
(5), describing the dependence of E max of the bands on temperature, suggests that this could 23 be due to higher concentration of charge carriers in film 1.
24
The 5% reduction of J sc in the solar cell based on film 3 in comparison with that for the 1 cell based on film 1 can be explained by a reduction of the photon flux due to the 4% increase 2 in E g resulting in a 6.5% fall of the upper limit available for the short-circuit current density 3 at air mass 1.5 illumination conditions. We analyse the shape and spectral position of the PL bands, excitation intensity and 11 temperature dependence as well as their temperature quenching activation energies E a and 12 compare them with E g determined using PLE measurements at 4 K.
13
We demonstrate that increasing copper deficiency and zinc excess blue shift the dominant shallower one inducing additional reduction of V OC .
22
The changes in the optical spectroscopy parameters along with improvements in the solar 
